Lowrey CR, Strzalkowski ND, Bent LR. Cooling reduces the cutaneous afferent firing response to vibratory stimuli in glabrous skin of the human foot sole.
IN RECENT YEARS cutaneous receptors have been ascribed an important role in proprioception (Collins et al. 2005; Lowrey et al. 2010) , modulation of muscle activation (Fallon et al. 2005; McNulty and Macefield 2001) , and control of movement (Do et al. 1990; Eils et al. 2002; Perry et al. 2000) . Skin on the foot sole has a particularly notable role in the control of upright stance in humans. Augmentation of skin receptors by targeted vibration evokes the sensation of whole-body lean (Kavounoudias et al. 1999; Roll et al. 2002) as well as increased center of foot pressure (COP) excursions in standing subjects (Kavounoudias et al. 1998) . Similarly, cooling or anesthetizing the soles of the feet to reduce the sensitivity of skin receptors results in reduced postural stability (Hong et al. 2007; McKeon and Hertel 2007; Patel et al. 2010) , exaggerated postural response to vibration-induced sway (Magnusson et al. 1990a; Stål et al. 2003) , altered response to postural perturbations (Perry et al. 2000; Thoumie and Do 1996) , and changes in foot pressure distribution during locomotion (Eils et al. 2002; Nurse and Nigg 2001) .
Many studies have adopted cooling as the method of choice to reduce cutaneous input, likely because of the reduced cost, the ease of administration, and the ability to reverse the protocol quickly through heating. The challenge with this method is that it is unclear how individual cutaneous receptors are actually influenced by cooling. Each class of mechanoreceptor responds preferentially to a particular type of mechanical stimulation, which may be important in coding different aspects of postural control. In general, fast-adapting (FA) receptors code for dynamic events such as slips across the skin surface, whereas slowly adapting (SA) receptors respond to sustained indentation and likely code for changes in COP. Differences in receptor location within the skin (either deep or superficial) and adaptive properties of cutaneous mechanoreceptors may render them more or less susceptible to the influence of cooling over the skin. Therefore it is crucial to ask the question, Are all skin mechanoreceptors in the foot sole equally affected by cooling? The answer to this question may lend valuable insight into the importance of each receptor type to postural control.
The influence of cooling on skin receptors in humans has been examined by using psychophysical measures such as vibration perception thresholds (VPT; Harazin and HarazinLechowska 2007; Perry et al. 2000; Schlee et al. 2009; Stål et al. 2003; Verrillo and Bolanowski 1986, 2003) . Collectively, the findings of these studies (based on VPT at given frequencies) suggest that it is primarily FA type II afferents (FA II, innervating Pacinian corpuscles) that are influenced by cooling of the skin, with little to no effect on the SA receptors. To support this, direct recordings from skin receptors in humans show that while the static response of SA I receptors to a sustained indentation is diminished in response to cooling, the dynamic response is relatively maintained (Kunesch et al. 1987) . The maintenance of a dynamic response could suggest that the vibration response of SA receptors is also maintained when cooled. This has not been directly examined in humans, and it has bearing on the mechanism behind the psychophysical and functional changes seen with skin cooling.
Interestingly, direct recordings from humans also showed that, in contrast to what is suggested by the psychophysical studies (that primarily FA II receptors are influenced), cooling reduced the afferent response to mechanical indentation of all four classes of receptors. In fact, the majority of FA II receptors recorded were completely uninfluenced by cooling. It is important to note that Kunesch et al. (1987) used shorter durations of cooling (2-5 min) than typically used in functional or psychophysical studies (10 -20 min), raising the question, Does cooling for longer periods have different effects on the type of mechanoreceptor influenced? FA II receptors are the most deeply situated receptors, typically found at depths of 3-4 mm within the subdermal layers of the skin (Wu et al. 1999) , and perhaps longer cooling times are required for the effects to reach these particular receptors. In addition, the areas of skin investigated by Kunesch et al. (1987) were the glabrous skin of the hand and the nonglabrous skin of the dorsum of the hand and foot, while several VPT and functional studies have evaluated cooling effects on foot sole skin (Perry et al. 2000; Schlee et al. 2009; Stål et al. 2003) . There are well-documented differences between glabrous skin of the foot sole and the hand, most notably a higher threshold for activation of mechanoreceptors attributed to increased skin thickness on the foot sole (Kennedy and Inglis 2002) . Increased skin thickness or stiffness may directly impact the ability of cooling with ice at the skin surface to influence the mechanoreceptors. Given the important role of foot sole skin as an interface with the environment in upright balance control, it is essential to examine and understand the effect of cooling on individual skin receptors in this region.
The aim of the present study was to examine the effects of cooling on the vibration response of individual receptors in the glabrous skin of the foot immediately after cooling and also as skin temperature returned to baseline. The use of vibratory stimuli to activate receptors provides several benefits over previous methodology and contributes to the novelty of the present paradigm. First, vibration can be applied in a controlled manner, providing a constant level of activation before and after cooling. This allows for the quantification of any changes in receptor activation related to cooling and not related to test, retest variability inherent in monofilament indentation. Second, since each receptor type is particularly sensitive to a specific range of vibration frequency, we are able to target each receptor type with an equivalent level of activation, allowing for a more standardized comparison of how cooling affects the different receptor types. Finally, we are able to isolate the specific effects of cooling on the vibration response of individual types of receptors, which enables comparison with psychophysical studies that also use vibration.
In addition to characterizing the response of receptors to cooling, it is also important to consider how the receptors recover their firing properties in the minutes after cooling as the skin begins to return to baseline temperature. The shape of this "recovery profile" of receptors after cooling is currently unknown. It is imperative to characterize the level of neural information arising from each type of receptor once the cooling source is removed and the skin begins to rewarm, as this is often the time in a research paradigm when the experimental tasks are undertaken (such as perception threshold, standing, or walking).
We hypothesized that the greatest reduction in vibration response would be seen in type I receptors, since they are superficially located and potentially more susceptible to the effects of cooling. We also hypothesized that because type I receptors show a larger reduction, they would also display a longer return to baseline firing rates during rewarming. Drawing the link between cooling and single-afferent firing is imperative to the validity and interpretation of findings from cooling-induced methods of anesthesia to probe the role of foot sole skin as a sensory organ in postural control and locomotion.
EXPERIMENTAL PROCEDURES
Ethical approval. All subjects provided informed written consent prior to each experiment session. Ethics were approved by the Research Ethics Board of the University of Guelph, and all procedures complied with the Declaration of Helsinki.
Participants. The investigation consisted of 64 recording sessions performed on 36 subjects (age 21-32 yr; 21 men, 15 women). Participants were free from any neurological or musculoskeletal disorders.
Experimental setup. Participants lay prone on an adjustable treatment table. All experiments were performed on the subject's right leg, which was secured to an inflatable versaform positioning pillow (Tumble Forms). Percutaneous stimulation was applied to the back of the knee to determine the approximate location of the tibial nerve at the level of the popliteal fossa (1-ms square-wave pulse, 1 Hz, 0 -10 mA, Grass S48; Grass Instruments). Stimuli were delivered via a probe, and a surface electrode (Ag/AgCl) attached to the patella of the right knee served as the anode. Successful stimulation of the nerve was indicated by observable muscle twitches in the appropriate plantar flexor muscles (soleus, medial and lateral gastrocnemius) and subject-reported cutaneous parasthesia down the leg and into the plantar surface of the foot. The electrode insertion location was chosen as the area where the largest twitch responses were observed at the lowest stimulation current. The reference electrode (uninsulated, tungsten, 200-m diameter; FHC) was inserted 1-2 cm medial to the recording site, located ϳ5 mm under the skin. The recording electrode (10 M⍀ insulated, tungsten, 200-m diameter, 1-to 2-m recording tip, 55-mm length; FHC) was inserted through the skin at the determined recording site. Audio feedback of the nerve signal was used to establish nerve penetration during the initial searching movements (along with subject feedback). Once the neural activity was detected, fine manipulations of the electrode coupled with auditory feedback from the activation of the skin receptors via tapping and stroking the skin were used to isolate and identify single cutaneous mechanoreceptive afferents. Neural recordings were amplified (ϫ10 kHz, ISO-180; World Precision Instruments), digitally sampled (40 kHz), and stored for analyses (CED 1401 and Spike 2 v. 6.0; Cambridge Electronic Design).
Method. Single, mechanoreceptive cutaneous afferents were categorized with previously described criteria (Johansson and Vallbo 1979) . Briefly, afferents were determined as FA if they rapidly adapted (only responded to on and off stimuli) to a mechanical indentation over their receptive field and SA if they continually responded to a sustained indentation. Afferents were further classified as type I or II based on receptive field properties. Type I afferents were characterized by small, well-defined receptive fields, while type II afferents were defined by larger receptive fields with diffuse borders. The mechanical threshold of each receptor was measured with von Frey hairs (Semmes-Weinstein monofilaments). Receptive fields were determined with a monofilament thickness of 4 -5 times threshold. SA II receptors were also defined by sensitivity to skin stretch.
In general, the experimental paradigm proceeded as follows: baseline firing response (BFR) to vibration was established, after which the receptive field of the mechanoreceptor was cooled with ice. After cooling, the mechanoreceptors were allowed to return to baseline temperature/sensitivity naturally. When a plateau in temperature (below baseline) was reached, heat was applied over the receptive field with a heat pack. Vibration was applied throughout the natural rewarming phase in order to capture the recovery profile of the receptor. Temperature was recorded immediately after cooling and after each vibration application.
Afferent activation. Sinusoidal vibration of the cutaneous mechanoreceptors was applied perpendicular to the skin overlying the receptive field with a probe (2-to 6-mm-diameter tip) attached to a servo-controlled mini-shaker (model 4810; Bruel and Kjaer). The mini-shaker was affixed to an external adjustable armature (Lino Manfrotto) that allowed consistent, perpendicular placement of the probe against the skin. The vibration consisted of 5 s of vibration, with each vibration burst separated by at least 2 s of rest. Frequency and amplitude of vibration were chosen to optimize the response of the unit and aimed to elicit at least a 1:1 firing response (i.e., 1 action potential for each indentation of the probe). Initially, a target frequency was used based on previously established criteria from the hand (Johansson et al. 1982 ; FA I: 32 Hz, FA II: 250 Hz, SA I: 16 Hz, SA II: 8 Hz). Indentation (load) and amplitude were then systematically increased in an attempt to obtain a 1:1 firing. If 1:1 firing was not obtained, the frequency was adjusted (usually decreased) and the amplitude and load systematically adjusted again. Once an optimum frequency, load, and amplitude combination was found, this was maintained both before and after cooling to activate the mechanoreceptor in question. The most sensitive region of the receptive field was targeted for vibration (i.e., identified "hot spots" or receptive field edge for type I receptors and the identified hot spot for type II receptors). The area of vibration was marked with a permanent marker, and vibration was maintained within the marked area throughout testing. The sinusoidal vibration profile was recorded with an accelerometer attached to the probe (4507 B 002; Bruel and Kjaer), digitally sampled at 2 kHz, and stored for analyses. The acceleration input was used in a closed-loop system to ensure that the appropriate frequency and amplitude were reached and then maintained throughout vibration (VR8500 Vibration Controller, VibrationVIEW v. 7.1.4; Vibration Research). A force transducer (model 31, tension/compression load cell; Honeywell International) was used to ensure that a constant preload between the probe and the skin (ϳ1-2 N) was maintained before and after skin cooling. Sustained indentation was used to activate two SA I receptors and one SA II receptor, in combination with or in lieu of vibration (if vibration was unable to activate the receptor). This activation consisted of sustained indentation of the probe while force was recorded with the force transducer. The initial contact and indentation phase of the probe was termed the dynamic phase of indentation. The probe was then maintained at a constant level of indentation force for a few seconds, which was termed the static phase. The probe was then lifted off the skin for a few seconds of rest before the next indentation. Stimulation of one FA II receptor consisted of blowing across the receptive field.
Surface temperature of the skin overlying the receptive fields of each unit was measured with an infrared thermometer (Thermoworks). Temperature was recorded at baseline, during cooling with ice, and after cooling of the receptive field. Ice packets (2 cm ϫ 10 cm) were applied for 2, 5, 10, 15, or 20 min directly over the receptive field of the mechanoreceptor. The ice was placed for each receptor so that the entire receptive field was in contact with the ice, and for mechanoreceptors with larger receptive fields more than one ice packet was used to ensure that cooling reached the entire receptive field. Because of the difficulty of maintaining a single-afferent recording for an extended length of time, the duration of cooling was determined based on the quality of the recording and how long the unit was expected to last.
Data analysis. Receptor response to vibration was quantified with a firing response ratio. Firing response was calculated as the mean instantaneous frequency of afferent firing during the period of vibration divided by the vibration frequency. A firing rate value of 1.00 would indicate a 1:1 afferent response to vibration; 0.50 reflects a 0.5:1 response (i.e., 1 action potential fired for every 2 indentations during the vibration). Cooling effects on receptors were expressed as a percentage of baseline firing response (% BFR), of which baseline was established in the precooling phase.
Sustained indentation of the slowly adapting units was delineated into a dynamic and static response (Iggo and Muir 1969) . The dynamic response consisted of the instantaneous frequency response during the indentation phase (initial contact and indentation of the probe) normalized to the rate of change of force application. Static response was determined as the mean instantaneous frequency response to the sustained indentation of the probe normalized to the force of the indentation.
Statistics. 2 -Tests were used to determine differences in the number of receptors from each class between the present work and previous studies that have recorded from populations of skin afferents in the foot sole (Fallon et al. 2005; Kennedy and Inglis 2002 ). Student's t-tests were used to determine the difference between the percentage of type I versus type II and the percentage of slowly adapting versus fast-adapting receptors that were reduced to 0% BFR. Univariate analysis of variance (ANOVA) was used to examine differences between receptor classes in firing response immediately after cooling. Only receptors cooled for 10 min were included in the ANOVA. Levene's test for homogeneity of variance was performed and was significant (P ϭ 0.049), so homogeneity of variance is not assumed; therefore corrected values of F and P were used. Pearson's correlation coefficients were calculated to determine the relationship between 1) temperature and time to return to baseline and 2) temperature and % BFR. t-Tests were used to determine any difference in firing rate immediately after cooling as well as difference in time to return to baseline between FA I receptors in the forefoot and heel regions. Significance was determined at P Ͻ 0.05.
RESULTS
Sixty-six low-threshold cutaneous receptors were sampled from the glabrous skin of the foot sole. Because of the nature and length of the experimental methodology, the full cooling and rewarming protocol was run successfully on 39 of the 66 cutaneous units (59%). The number of receptors that fell within each classification is as follows: 16 FA I (41%), 7 FA II (18%), 5 SA I (13%), 11 SA II (28%) (Fig. 1) . Only 1 receptor (SA I) of 39 was not responsive to vibration, and that receptor was only activated by indentation.
2 -Analyses revealed that the number of units that fell within each classification did not differ from previous reports of receptors on the foot sole (P Ͼ 0.05; Fallon et al. 2005; Kennedy and Inglis 2002) . Similar to previous findings, there did not appear to be a clear pattern of receptor distribution across the foot sole (Kennedy and Inglis 2002) . Receptive field and threshold characteristics of the experimental sample of receptors are listed in Table 1 .
Receptor response to vibration. The goal was to establish a firing ratio of 1:1 (1.00 firing rate) in all receptors during the initial precooling vibration. The probe was manipulated to apply a preindentation between 1 and 2 N that, when vibrated, would evoke a firing rate of 1.00. We were successful in obtaining a mean firing rate of 0.995 across all receptor types with a range of 0.50 -3.42 (Table 2) . Of the 38 receptors that were vibrated, 8 responded with a firing rate below 1.00 at baseline (across a range of test frequencies) and these were predominantly SA II receptors (5 SA II, 1 FA I, 1 FA II, and 1 SA I). Only two receptors responded above 1.00, and both of these receptors were FA I, one located on the medial heel and one on the pad of the third toe.
Receptor response to vibration after cooling over receptive field. Cooling reduced receptor response to vibration in all four receptor types (38/39 receptors). After cooling, firing rate was reduced to an average of 0.18 (18% of BFR) with responses ranging from 0 (completely abolished) to 1.00 (unaffected by cooling: n ϭ 1, FA II receptor). ANOVA revealed no significant differences between receptor types in the degree of reduction of firing response immediately after cooling for 10 min (F 3,20 ϭ 0.981, P ϭ 0.421; power ϭ 0.281). Response to vibration was abolished in 33% of all receptors immediately after cooling (Table 2 ). Student's t-tests revealed that the percentage of receptors that were reduced to 0% of baseline did not differ between FA and SA receptors (39% vs. 38%; P ϭ 0.84) or between type I and type II receptors (37.5% vs. 38.5%; P ϭ 0.69).
Receptors were allowed to return to baseline naturally after cooling, usually for 10 -15 min. If receptors did not return to baseline within that time frame, heat (via a heat pack) was applied over the receptive field for a few minutes in an attempt to reestablish baseline skin temperature and firing rates. Of the 38 receptors that were cooled and vibrated, we were able to collect "return to baseline data" on 35 (3 receptor recordings were lost before baseline was obtained). Of the 35 receptors, 9 did not return naturally to baseline firing (and were subsequently heated), predominantly FA II receptors (2 FA I, 4 FA II, 2 SA I, and 1 SA II). Mean time to return to 100% of baseline for all receptors (excluding those that were heated) was 7.02 (Ϯ4.11) min, ranging from 1.91 to 33.5 min.
After cooling, during the natural rewarming phase when receptors regained the ability to fire, they typically fired at subharmonics of the original firing frequency as demonstrated in Fig. 2 . In Fig. 2A , an SA II receptor initially responded 1:1 to the baseline vibration of 12 Hz. Just after cooling, the receptor reduced its firing response to 2 Hz. After 3 min of natural rewarming the receptor response increased to 6 Hz (0.5:1), and after 6 min of rewarming it returned to baseline firing (12 Hz, 1:1 firing). This demonstrates that this receptor can follow lower frequencies of vibration at a 1:1 firing rate during its return to baseline, suggesting that other receptors may do the same. This idea was tested in one FA I receptor (Fig. 2B) . This receptor responded to each of 32, 16, and 9 Hz of vibration, with a firing rate of 1.00 at baseline. When cooled for 5 min, the receptor firing rate was reduced to 0.00, but with rewarming the unit regained baseline sensitivity in response to the 9-and 16-Hz vibration before 32 Hz. In other words, the receptor was able to follow the lower frequencies at a firing ratio of 1:1 but not for 32 Hz, indicating a shift in the frequency code after cooling. This may have implications for how the receptor code is interpreted within the CNS.
Effects of cooling duration. Receptors were cooled for various lengths of time. The majority were cooled for 10 or 15 min [24 (63%) and 12 (32%) receptors, respectively]. Eleven receptors (29%) were cooled for shorter durations (2-5 min), and four receptors (11%) were cooled for 20 -25 min (note that for some receptors data were collected at more than one time point). All receptors cooled for Ͼ15 min were reduced to below 50% of baseline (0 -39.4% BFR). Three of the 24 receptors cooled at 10 min were not reduced to below 50% (2 FA II and 1 SA I). This led to a weak, negative correlation between cooling duration and firing response of the receptors immediately after cooling (Fig. 3A) , where the greatest variability was seen for the lowest cooling durations (0 -100% of baseline firing). Six receptors (3 FA I, 1 FA II, 1 SA I, 1 SA II) were measured at successive intervals of cooling in order to establish the progression of cooling effects. In these receptors, there was a general trend demonstrating that longer cooling times were associated with lower firing rates after cooling (Fig. 3B) .
Temperature effects on response to vibration. Mean baseline skin temperature was 26.6°C (Ϯ3.7°C). Skin temperature was reduced to a mean of 12.9°C (Ϯ4.4°C) after cooling. There was a weak positive correlation between temperature and firing response after cooling, with a large variability seen between 10°and 20°in the warming process (Fig. 4A) . A typical temperature recovery curve is shown in Fig. 4B along with the corresponding profile of a receptor firing response (representative receptor in the figure is SA II). Surface skin temperature was typically observed to plateau on recovery and often (37/39 receptors) did not return to baseline temperature without the application of heat (despite recovery of baseline firing in 75% of units). Interestingly, and perhaps importantly, in many receptors the firing response appeared to recover to 100% BFR despite the plateau in skin temperature at levels below baseline.
Effects of receptor type. FA II receptors were reduced on average to 31% of baseline firing compared with the other receptor classes, which were on average reduced considerably more (8 -10% of baseline firing; Table 2 ). After removal of the two FA II receptors that were least influenced by cooling (maintained at 100% and 80% of baseline firing), the postcooling response of the other five FA IIs saw a reduction to 9% of baseline firing.
Approximately 25% of receptors did not naturally return to baseline firing after cooling (9 of 35), the majority of which were FA II receptors (2 FA I, 4 FA II, 2 SA I, and 1 SA II). Therefore, of the six FA II receptors that were influenced by cooling, four did not naturally return to baseline firing. One was brought back to 100% baseline with the application of heat, and the other three were only able to reach levels of 48 -65% of baseline. The two FA I receptors that did not return to baseline were located on the heel and were both cooled for 15 min. One receptor had an initial firing rate of 3.42, while the other had a firing rate of 1.00. Two of the 4 SA I receptors (50%) did not return to baseline naturally, while only 1 of the 11 SA II receptors did not return naturally to baseline. Of note is that five SA II receptors were unable to fire 1:1 initially. Upon natural rewarming all SA II receptors were able to regain baseline sensitivity, and, interestingly, the two units with the lowest initial firing rates (0.52 and 0.64) surpassed their baseline firing response and began to fire 1:1, indicating that these receptors actually became more sensitive to vibration after cooling.
FA units appeared to have longer recovery times than SA units. Mean recovery time for FA I and FA II units was 8.10 and 17.3 min compared with 3.90 and 6.00 min for SA I and II receptors, respectively. The recovery time for FA II receptors was difficult to calculate, since the four of the six receptors that were influenced by cooling did not return to 100% baseline firing. Instead, the time to return to peak firing was calculated, which corresponded to 17.3 min, but this is likely an underestimate.
Other activation of receptors. Finally, cooling altered the response of SA afferents to both the initial indentation and a sustained level of indentation. Two SA I receptors were cooled for 10 min, and their dynamic and static responses to indentation were compared. In both receptors, the static response was influenced more by cooling than the dynamic response. In the SA I receptor located on the lateral aspect of the foot, the dynamic response to the application of the indentation was maintained at 94% of baseline after cooling. In contrast, the static response to the sustained indentation was reduced to 11% of baseline. In the SA I receptor located on the fifth toe, the dynamic response was reduced to 11%, whereas the static response was abolished (Fig. 5A ). In the one SA II unit to which we applied sustained indentation, both the dynamic and static responses were eliminated with cooling. We identified and recorded one FA II receptor that was sensitive to blowing across the receptive field. After the receptor was cooled for 10 min, it was unable to respond to blowing but regained sensitivity to this type of activation after natural rewarming for 30 min. Applying heat to the receptive field further increased the sensitivity to blowing (Fig. 5B) .
Regional differences across foot sole. Within the group of FA I receptors, for which we had the largest physical distribution of receptors recorded, there appeared to be a difference in receptor response profiles across the foot sole. While there was no difference between foot regions in the percentage of baseline firing after cooling (8.5% in the toes, 9.1% in the heel; P ϭ 0.9), receptors in the area of the toes and forefoot returned to baseline more quickly than receptors located in the heel region (P ϭ 0.022) (Fig. 6A) . Average recovery curves of the receptors are shown in Fig. 6B . The slope of the recovery curve for FA I receptors located in the toes is steeper than the slope of Receptor response to vibration before and after cooling (for cooling, durations of 10 min or longer). Vibration parameters are the frequency and amplitude of vibration used to establish a 1.00 firing response (FR). Mean and range of actual FR to vibration are listed for baseline and after cooling. FR after cooling is expressed as % of baseline firing response (% BFR). Distributions represent the number (and %) of the receptors that reached levels below 90 (least affected), below 50, and 0 (most affected) % BFR after cooling.
the recovery for FA I receptors in the heel. On average, receptors located in the toes returned to baseline in 5.3 min compared with receptors in the heel that took, on average, 10.6 min to return to baseline. For the heel receptors, 10.6 min is a conservative estimate of return to baseline, since two receptors did not return to baseline firing with natural rewarming. In those instances, return to a peak firing rate was calculated. Receptors in the heel region reached an average peak firing response of 81% of baseline with natural rewarming. Comparatively, FA I receptors in the toes reached an average peak firing response of 103% of baseline. The two receptors in the midfoot region do not appear to follow similar patterns of recovery and are not influenced by proximity to heel or toe region. The FA I that returned quickly to baseline firing was cooled for 10 min and was located closer to the heel region.
The FA I that returned slowly was cooled for 15 min and was located closer to the toe and forefoot region. Despite the difference in response, the temperature profiles appeared to be consistent between the heel and toe region, while slightly lower for the midfoot (Fig. 6C ).
DISCUSSION
We have demonstrated for the first time that cooling of the skin with ice is effective in reducing the afferent response to vibration in all four classes of low-threshold cutaneous receptors in the glabrous skin of the foot sole. When the skin was cooled for durations of 10 min or longer, receptor response to vibration was reduced to below 50% of baseline firing in all but three receptors (2 FA II and 1 SA I). Cooling also reduced the response of SA units to sustained indentation. For SA I units, Fig. 2 . A: afferent response to vibration of a representative SA II receptor before and after cooling with ice for 15 min. The receptor was vibrated at 12 Hz and initially responded at 1:1. Top: overlays of individual action potentials from the corresponding section of the neurogram at bottom to confirm that the unit is single (note that the action potential becomes double-peaked over time, a common observation in longer microneurographic recordings; Inglis et al. 1996) . Data represented in subsequent rows are mean frequency of afferent firing, instantaneous frequency of afferent firing, acceleration of the vibrating probe, and the raw neurogram. % BFR, % of baseline firing response. B: afferent response of a single FA I receptor to 9-Hz, 16-Hz, and 32-Hz vibration. Solid line represents skin surface temperature. At baseline, the receptor responded 1:1 to each frequency. After cooling, the receptor was able to respond 1:1 for the lower vibration frequencies (9 and 16 Hz) before it regained 1:1 firing in response to the higher (32 Hz) vibration frequency. the reduction in the static response was more pronounced than the reduction in the dynamic response.
Difference between receptor classes. Contrary to our hypotheses, there were no clear differences between receptor types in the effects of cooling on firing response to vibration immediately after cooling. However, there were differences in other aspects of cooling that were notable. Overall the most apparent distinctions existed in FA II compared with the other receptor types. The response of FA II receptors was variable, especially after 10 min of cooling, when they ranged from completely reduced to uninfluenced by cooling. FA II receptors were the only class of receptor to have units that were uninfluenced by cooling (1 of 7 units), which corroborates previous findings in the hand and foot dorsum, where two of three recorded FA II receptors were uninfluenced by cooling for 5 min (Kunesch et al. 1987) . Our results show that even when the time of cooling is increased to 10 min, a portion of FA II receptors may still remain uninfluenced.
Interestingly, when the two FA II receptors that were not affected by cooling were removed from the present analysis, the postcooling firing response of the other five FA II receptors is similar to the other receptor classes. Notably, once those five FA II receptors were reduced, they did not return to baseline firing with natural rewarming. As such, it appears that FA II receptors in the foot sole, although potentially more resistant to cooling than other receptors, are influenced to a greater extent once cooled. The variability in response profiles is perhaps due to the range of depth of FA II receptors, which are the most deeply situated of all four classes of mechanoreceptor. They are typically found at a depth of 3-4 mm within the subdermal layers of the skin (Wu et al. 1999) . The thicknesses of the dermis and subdermal layers are variable between subjects and between foot locations (Lee and Hwang 2002) and may cause differences in the ability of cooling to reach the FA II receptors. Similarly, once the receptors are cooled, the fat tissue that is found in the subdermal layers of the skin (known to contain Pacinian corpuscles; Jahss et al. 1992 ) may serve as an insulator and maintain the cooling effects for longer.
Cooling reduced the static and dynamic response of SA units to sustained indentation. Previous findings in the hand and foot dorsum demonstrated a reduction in the static response of a SA I receptor cooled for 2-5 min but a relative preservation of the dynamic response (Kunesch et al. 1987 ). We have shown that when the skin is cooled for longer durations (10 min) the dynamic response is reduced (but maintained), while the static response is dramatically reduced or even abolished. This renders the SA I unit sensitive to on and off stimuli but not to sustained pressure; in essence, it behaves similar to a fastadapting mechanoreceptor. Functionally, these cooled SA I receptors would provide the CNS with more information about dynamic, transient events such as heel contact and toe off but less information about sustained pressure. Sustained pressure information may be important for coding the magnitude and direction of the COP and thus magnitude of postural sway. A similar temperature response for the SA I receptor has been shown in the cat, where a reduction in temperature to 15-20°C caused a dynamic burst from the receptors but, ultimately, reduced the static response to sustained indentation (Iggo and Muir 1969) . This is part of a large body of work focused around the temperature response of SA I receptors in animal preparations. These receptors were of particular interest as they showed a marked, sometimes bimodal temperature response, decreasing their static discharge with an increase or decrease in temperature (Hunt and McIntyre 1960; Iggo and Muir 1969) . It was originally thought that these receptors may even play a dual role, signaling both temperature and sustained indentation of the skin, but that hypothesis was later refuted (Duclaux and Kenshalo 1972) . We saw no evidence of a decreased response from SA I receptors when heat was applied toward the end of testing, which further refutes the idea of a dual temperature response from these receptors.
It is important to note that despite the maintenance of a dynamic response, the magnitude of this response was reduced in the few receptors that we examined. This may be why we saw a decrease overall in SA I and SA II receptor vibration response when cooled. This was a novel finding and the first direct evidence of a reduction in SA I and SA II vibration response. VPT testing suggests that SA receptors are uninfluenced by skin temperature changes since the perception of Fig. 3 . A: effect of duration of cooling on cutaneous receptor response to vibration. There is a weak negative correlation (R 2 ϭ 0.3) between the length of cooling over the receptive field and the receptor firing response to vibration immediately after cooling. Firing response is expressed as % BFR. B: response of a subset of 6 receptors (3 FA I, 1 FA II, 1 SA I, 1 SA II) that were tested at 5-or 10-min intervals throughout the duration of cooling. Dotted lines represent individual receptor responses; solid line represents the group average response. The majority of receptors decreased firing in response to vibration as cooling progressed. Two receptors appear to increase in sensitivity from 5 to 10 min of cooling (1 FA I and 1 SA I receptor).
low-frequency vibration (typically coded by SA receptors) is maintained at low temperatures (Harazin and HarazinLechowska 2007; Perry et al. 2000; Verrillo and Bolanowski 2003) . The implications of our work with respect to perceptual studies are discussed in a later section.
Cooling duration and temperature responses. Studies that use cooling as a probe to investigate skin function in VPT and postural tasks employ a range of cooling durations and skin temperatures as guidelines/targets. Therefore in the present study we wanted to investigate the effects of cooling duration and skin temperature on receptor activation. We found that, in general, cooling for longer durations was more likely to reduce receptor response to vibration. However, a surprising finding was the variability seen at low cooling durations. When receptors were cooled for 2 and 5 min, firing responses after cooling ranged from 0% to 93% of baseline, with no clear relationship between receptor type and firing response. It would be reasonable to expect systematic differences in cooling response based on receptor type since type I receptors are known to reside more superficially in the skin, within the epidermis, than type II receptors. This was clearly not the case, as evidenced by the large variability in receptor response after 2-5 min of cooling [10 -90% BFR (type I) and 0 -93% (type II); Fig. 3] . The variability between receptors may be better explained by differences in receptor depth between subjects due to differences in epidermal, dermal, and subdermal thicknesses (Lee and Hwang 2002) . Of note, the two FA I receptors that were reduced the most after 5 min of cooling were located in the toe and heel of two female subjects. In contrast, the two FA I receptors that were not as markedly reduced were located in the toe and heel of two male subjects. Females typically have thinner skin than males (Lee and Hwang 2002; McPoil and Cornwall 2006) , and this may have an influence on the ability of even short bouts of cooling to reach the receptor and influence its response to vibration.
Increasing the duration of cooling to 10 min or longer increased the likelihood in all receptor types of reducing receptor sensitivity to below 50% of baseline levels. Of the receptors cooled for 10 min Ͼ80% were reduced to below 50% of baseline after cooling, while all receptors cooled for 15 min or longer were reduced below 40% of baseline firing. From a subsample of individual receptors tested at 5-min intervals during initial cooling, it appeared that the longer a single receptor was cooled the more likely it was to be reduced to close to 0% BFR. Interestingly, longer cooling durations were not necessarily associated with a longer time to return to baseline. In fact, some of the shortest return times were observed for two FA I receptors and one SA II receptor that were cooled for Ͼ20 min.
The largest variability observed across firing parameters (firing response after cooling, time to return to baseline) was seen after 10 min of cooling. This may simply be due to the fact that this is the cooling duration for which we had the most receptors. However, while cooling the foot for 10 min causes an observed decrease in COP excursions (McKeon and Hertel 2007) , cooling the feet for longer (15 min or greater) causes an increase in COP excursions (Magnusson et al. 1990a (Magnusson et al. , 1990b Stål et al. 2003) . A possible cause of the variable receptor response could be a counterintuitive vasodilatory response that has been shown to occur in the hand after 10 min of cooling, which results in a small increase of skin temperature (Sendowski et al. 2000) . Cold-induced vasodilation (CIVD or "hunting response") is thought to be a protective mechanism to prevent frostbite, and it varies between subjects (LeBlanc et al. Fig. 5 . A: response of a SA I receptor to sustained indentation with 2-mm probe. Receptor was located on the lateral aspect of the 5th digit and sensitive to both indentation and vibration. After cooling for 10 min a decrease in the dynamic response was observed, while the static response to sustained indentation was eliminated. B: response of a FA II receptor to blowing across the receptive field. Receptor was very sensitive to blowing across the receptive field, initially reaching instantaneous frequencies up to 200 Hz. Response to blowing was eliminated after cooling for 10 min but returned with natural rewarming and then heating.
1978) and locations on the body (Reynolds et al. 2007; Sendowski et al. 1997) . Although the mechanism is poorly understood, changes in local vasodilation and skin temperature could contribute to the variability seen in the responses of skin mechanoreceptors to cooling, especially at 10 min.
Temperature effects on sensitivity. Absolute skin temperature was only weakly correlated to receptor sensitivity to vibration, with large variability seen between 15°and 20°. This is most likely a reflection of the uncoupling of temperature and sensitivity often seen during the natural rewarming phase, where skin temperatures plateaued at levels below baseline temperatures but receptors returned to precooling sensitivity. Often, studies monitor skin surface temperature as a marker of skin sensitivity ( Differences between foot sole regions. Return to baseline recovery profiles of FA I receptors were different between the forefoot region and the heel. Receptors located in the forefoot displayed a more rapid return to baseline sensitivity, regardless of the duration of cooling. Previous work found that receptors in glabrous skin returned to baseline slightly quicker than receptors in nonglabrous skin, and this was attributed to differences in local vascular response to cooling (Kunesch et al. 1987) . This explanation may be relevant for the three FA I receptors with a slow recovery time that were located near the medial malleolus. These receptors were included in the glabrous "heel region," but the skin where they reside, on the medial ankle near the malleolus, may actually be more non- glabrous in nature and could explain their slow recovery time. Alternatively, differences in skin thickness may be the cause of altered receptor response across the foot sole. FA I receptors are known to reside in the papillary ridges of the epidermal layer within the skin, and the epidermis is thicker in the heel than in the forefoot region (Chao et al. 2011) . Functionally, it is important to consider regional differences in receptor recovery when cooling is used to investigate the role of skin in balance and locomotion. The skin on the foot sole is a direct interface between the body and the environment, and regional activation of skin receptors provides cues as to the direction of body sway (i.e., activation of skin on the forefoot indicates forward sway; Kavounoudias et al. 1998) . If the skin receptors in the forefoot return to baseline prior to receptors in the heel, this could confound responses seen in postural sway, because of an artificial imbalance created by increased feedback from receptors in the forefoot compared with the heel. Eils et al. (2010) demonstrated that cooling the foot soles for 10 min significantly alters pressure distribution under the feet during locomotion. These authors found that after cooling pressure responses were reduced in the heel and toe region and were increased in the midfoot region. Pressure responses returned quickly, within four or five steps, and, interestingly, the return to baseline pressure values occurred more quickly in the toes compared with the heel region. This may be a manifestation of a quicker recovery after cooling for skin receptors in the toes versus skin receptors in the heel.
Cooling influence on receptor response and possible mechanisms. In general we found that after cooling receptors were incapable of firing at high frequencies and preferentially coded for lower frequencies (as evidenced by the FA I receptor displayed in Fig. 2B ). This is supported by previous work in animals that found a general decrease in receptor discharge frequency with reduced temperature (Duclaux and Kenshalo 1972; Iggo and Muir 1969) . In addition, cooling over peripheral nerves results in "Wedensky inhibition," where low-frequency neural discharges are transmitted but high-frequency discharges are inhibited because of an increase in the absolute refractory period of the nerve (Franz and Iggo 1968; Phillips and Matthews 1993) . This phenomenon might lead to the results observed in the present work if cooling influenced the terminal nerve branch within the receptor, resulting in increased refractory periods. Comparatively, this could explain the commonly observed increase in VPT at high vibration frequencies after skin cooling, found in psychophysical studies in humans (Gescheider et al. 1997; Harazin and Harazin-Lechowska 2007; Verrillo and Bolanowski 2003) . What our results suggest is that the perception of lower frequencies of vibration is preserved, not because SA I or SA II receptors are not influenced by cooling but rather because the lower frequencies are able to be coded by FA I or FA II receptors that have become less sensitive to vibration. We have shown that in fact the responses from 38% of the SA receptors are abolished after Ͼ10-min cooling.
An additional mechanism of cooling has been proposed in previous work when, after short bouts of cooling (3-5 min), a greater indentation was required to activate mechanoreceptors (Kunesch et al. 1987) . These authors also observed that conduction of the afferent nerve was maintained, suggesting that cooling resulted in a change in the ability of the mechanoreceptor itself to generate an action potential (Kunesch et al. 1987 ). This is supported by work in the cat that found changes in the ability of isolated Pacinian corpuscles to initiate an action potential in response to mechanical stimulus when cooled (Inman and Peruzzi 1961) . Although we did not systematically test this question, we often observed that increasing the amplitude of vibration was able to activate receptors once cooled, suggesting that cooling had caused an increase in the mechanical threshold of the receptor to be activated.
Conclusion. We have shown that cooling the surface of the skin with ice reduces vibration responses from single afferents innervating all four classes of low-threshold mechanoreceptors in the skin of the foot sole. Cooling for durations of 10 min or longer more consistently reduced receptor firing to below 50% of their baseline; however, some afferents were also abolished in response to shorter durations. Overall, firing response was completely reduced in 30% of all receptors, and this was equally distributed across receptor types, making it reasonable to employ this tool in functional skin studies if used over a limited duration. Importantly, skin surface temperature was not found to be a reliable indicator of receptor firing capacity. Temperature often became uncoupled from the vibration response, especially during natural rewarming, the time that may be the most crucial in studies using cooling to probe the role of skin. Future work should more thoroughly examine vascular responses and skin properties across the foot sole to determine whether these factors may contribute to the variability of responses seen across cooling durations and foot sole regions.
